Abstract: Photocatalytic conversion of CO2 to solar fuels is considered an alternative approach for simultaneously mitigating the greenhouse effect and solving energy shortage. The efficient light harvesting and the thermochemical conversion has been a demanding quest in photocatalysis due to the relatively low solar energy utilization efficiency. In this work, oxygen vacancies are induced in MoO3 for improving photo-thermal CO2 reduction efficiency by capturing near-infrared (NIR) photons.
Introduction
In modern society, the extensive consumption of fossil fuels will not only cause a the global energy crisis in future, but also gives rise to the climate change by the large amount of carbon dioxide (CO2) emission. [1] CO2 is a primary greenhouse gas, and natural photofixation of CO2 by plants is far from converting sufficient amounts of CO2. Therefore, seeking sustainable and green ways to realize the effective conversion of CO2 is extremely urgent. The photocatalytic conversion of CO2 to hydrocarbon fuels has been reported as an effective, environmentally friendly route for addressing the potential energy and environment crisis simultaneously. [2, 3] It offers advantages over the traditional CO2 conversion technology, such as thermal catalysis [4] and electrocatalysis, [5] [6] [7] [8] which need high energy consumption. However, the relatively low efficiency of photocatalytic CO2 conversion is obtained based on photoexcitation reactions. Recently, photo-thermal synergistic catalysis combining thermochemical and photochemical conversion appeared as a promising method for improving the efficiency. [9, 10] Sunlight can be divided into three parts: ultraviolet (UV) light (λ < 400 nm), visible (Vis) light (400 nm < λ < 800 nm) and infrared (IR) light (λ > 800 nm). UV-Vis and IR light can induce photocatalytic and thermocatalytic reactions, respectively. Hence, photo-thermal synergistic catalytic CO2 conversion can be achieved under full spectrum (UV-Vis-IR). However, there are very few catalysts for sunlight induced photo-thermal synergistic catalysis.
To date, a variety of photocatalysts has been developed. At the same time, most photocatalysts cannot capture IR photons for sunlight induced photo-thermal synergistic catalysis. Therefore, various groups are pursuing advanced photocatalytic materials for IR light response. At present, the IR light response materials are mainly noble metal nanomaterials (such as Ag, Au, Ru) [11] [12] [13] , few heavily doped oxide semiconductors (such as W18O49, WO3-x, MoO3-x) [14] [15] [16] [17] , narrow gap semiconductors (such as CuS, [18] Bi2S3, [19] black phosphorus) and nano-carbon materials (such as carbon quantum dots, graphene, carbon nanotubes). [20] [21] [22] [23] Among them, heavily doped oxide semiconductor materials were employed for the sunlight induced photo-thermal synergistic catalytic CO2 conversion. And the reasons are following. (1) They show strong localized surface plasmon resonance (LSPR) phenomena, which can enhance IR light absorption to improve the photo-thermal conversion. [24] [25] [26] and 4 (2) more defect sites, which can enhance the adsorption of substrate molecules. At the same time, defect sites also decrease the CO2 reduction barrier, thus, enhancing the performance of photocatalytic conversion of CO2 [27] due to photogenerated electrons that determine the reduction reactions. Inspired by these results, we believe that photocatalysts with LSPR effect and vacancies are desirable for achieving higher photo-thermal CO2 conversion. [28, 29] Compared to the traditional precious metal and other semiconductor oxide photocatalysts, MoO3 is a potential candidate as photothermocatalyst owing to its powerful oxidation properties, non-toxicity, low cost and versatility. [30] [31] [32] [33] But the defect-free MoO3 shows low photocatalytic reduction performance due to the limited light harvesting, fast hole-electron recombination and small specific surface area. Here, defect engineering is applied to extend the light adsorption, induce the LSPR effect and large specific surface area. The obtained MoO3-x display high activity for photo-thermal synergistic CO2 reduction under UV-Vis-IR irradiation. The mechanism is studied experimentally by electrochemical characterization and in-situ FT-IR, and theoretical calculations.
Results and Discussion
Experimental sections are described in Supporting Material. 01-070-0615), respectively. [28, 29] Comparing the (020), (040) and (060) peaks of MoO3 and MoO3-x, it can be found that MoO3 exposed more {010} facets. It may result from the calcination under oxygen atmosphere to fill up the defect on {010} facets of MoO3-x. The microstructures of MoO3 and MoO3-x were further analyzed by scanning electron microscopy (SEM), as shown in Figure S1 . [29, 34, 35] 
eV). Thus indicates that MoO3 can only be excited by UV-Vis light and it may not
display sunlight induced photo-thermal synergistic catalytic activity for CO2 conversion. In contrast, MoO3-x exhibits a strong absorption peak at approximately 700 nm associated with the LSPR of MoO3-x due to the presence of oxygen defects. [28, 29] On the other hand, the colors of MoO3-x and MoO3 are dark blue and pure white, respectively. This also proves that MoO3-x can absorb in the full sunlight spectrum due to the LSPR effect induced by oxygen defects. To understand the oxygen defect-induced LSPR effect, we simulated the energy band structure of MoO3-x. As shown in Figure 2b , after the introduction of an oxygen vacancy, the impurity level is generated. And the narrow energy gap results in the full spectrum absorption. Furthermore, from Figure S3 and S4, the same phenomenon can be seen in the Density of States (DOS). [36] The oxygen defects change the distribution of HOMO and LUMO. The distribution of HOMO and LUMO on the two layers of MoO3-x restricts the recombination of photo-generated electrons and holes, resulting in the oxygen defect-induced LSPR effect of MoO3-x. The oxygen defect formation was 8 confirmed by X-ray photoelectron spectroscopy (XPS), electronic spin resonance (ESR), and Raman spectroscopy. Figure 2c displays MoO3-x. According to the XPS peak area, Mo 5+ and Mo 6+ were about 35% and 65% for total Mo states in the MoO3-x, respectively. The average oxidation state of Mo is thus determined to be mixed-valence state at 5.65, which implies the existence of oxygen defects. [29] The O1s XPS peak shift also implies the existence of oxygen defects. As shown in Figure S5 , the lower binding energy of MoO3-x (530.7 eV) compared with that of MoO3 (531.0 eV) indicates different chemical environments. For MoO3-x, there is a new peak at higher binding energy of 532.0 eV, which is caused by surface adsorbed oxygen species. [36, 37] This implies that MoO3-x provides many defects for the adsorption of oxygen species. Figure 2d shows the ESR spectra of MoO3 and MoO3-x.
MoO3-x exhibits an ESR peak at g = 2.001, which is a typical signal of oxygen defects and is absent in the MoO3 spectrum. [37] This proves that MoO3 forms perfect crystals without oxygen defects, which is consistent with previous results. In addition, the Raman spectrum ( Figure S6 ) also provides evidence of oxygen defects. Compared with MoO3, the peak intensity of MoO3-x is significantly reduced, and some peaks are merged or even absent, demonstrating the existence of oxygen vacancies in MoO3-x. [30, 38, 39] For directly proving the presence of oxygen defects, X-ray absorption spectra in terms of X-ray Absorption Near Edge Structure (XANES) and Extended X-ray Absorption Fine Structure (EXAFS) are showed in Figure 3 . The XANES spectrum of the MoO3-x sample is very similar to MoO3 and commercial MoO3 reference spectra suggesting the same structure. However, these spectra exhibit two main differences.
First, the intensity of the pre-edge at approx. 20007 eV is decreased. This pre-edge is assigned to 1s→4d electronic transition in systems with tetragonal symmetry such as MoO3 (it is not observed in MoO2, in which Mo is coordinated by regular octahedrons). [40] The decrease in the pre-edge intensity could result from a partial loss of tetrahedral symmetry due to oxygen defects formation but also due to higher disorder/partial amorphisation of in MoO3-x. [40] The second difference between the MoO3-x and commercial MoO3 XANES spectra is the shift of the second peak after the absorption maximum (at approx. 20040 eV) to lower energy. Previously, a spectrum with a similar shift and the decreased pre-edge intensity was attributed to Mo4O11 10 phase. [41] Quantification of the average oxidation state is possible using the precise position of the second peak after the absorption edge. [42] This yields a stoichiometry of approximately MoO2.7, which is consistent with the formation of the Mo4O11 phase, as mentioned earlier. Fourier transformed EXAFS (Figure 3b) shows somewhat lower backscattering at r = 1.2 Å not corrected for phase shift which may be attributed to lower average number of oxygen neighbors in the first coordination shell and much lower scattering by the further shells (r between 3 and 4 Å), this is due to the small particle size (nanocrystalline nature) of the MoO3-x. In summary, the material consists of nanocrystalline MoO3-x with high amount of oxygen defects. showed negligible activities. In contrast, MoO3-x displayed significant activities for CO2 reduction to CO and CH4 upon light illumination in all these wavelength ranges.
Comparing the different light wavelength ranges, it can be found that the order of light induced activity of CO and CH4 production is UV-Vis-IR > IR > UV-Vis. Obviously, this order is follows the temperature order (UV-Vis-IR (160 °C) > IR (120 °C) > UV-Vis (105 °C)). And this order of light induced activity is consistent with that of thermal catalysis ( Figure S7) . It implies that thermal catalysis is very important for CO2 reduction. In order to confirm it, we used different wavelength LED light sources which did not cause heating ( Figure S8) . It can be seen that the catalytic performance is significantly reduced, which also proves the significance of thermal catalysis induced by light. On the other hand, it also found that the activity of low temperature (101 °C) CO2 reduction with UV-Vis-IR light irradiation is higher than that of IR (120 °C) light. And UV-Vis-IR induced activity (160 °C) is also higher than the thermal catalytic activity at same temperature of 160 °C. This indicates that thermal catalysis is not the sole cause for the improved activity of MoO3-x, and photocatalys also plays an important role for CO2 conversion. Based on the above catalytic results, we can summarize that MoO3-x showed sunlight induced photo-thermal synergistic catalytic performance for CO2 conversion. In addition, the sunlight induced photo-thermal synergistic catalytic activity in CO2 conversion is also affected by the concentration of oxygen vacancies. As shown in Figures S9 and S10, higher number of oxygen vacancies results in higher activity of MoO3-x. Figure 5a , the photocurrent response was detected when the light is on, and the photocurrent density of MoO3-x is about two times higher than that of MoO3.
It confirms the high separation efficiency of photo-induced electron-hole pairs for MoO3-x. The photoluminescence spectra of the MoO3-x and MoO3 are shown in Figure   5b . The main emission peaks are observed at 396 and 422 nm, which are intrinsic excitation of MoO3 and MoO3-x, respectively. Compared to MoO3, the emission intensity of the MoO3-x decreased after introduction of oxygen vacancies. [33] In addition, the kinetics of charge separation in the photocatalysts was detected with time-resolved fluorescence decay spectra as shown in Figures 5c and 5d . The lifetimes (τ) were 2.89 ns (MoO3) and 2.26 ns (MoO3-x), indicating that the photogenerated carriers of MoO3-x are more rapidly separates, and thus, are able to drive redox reactions. [43, 44] They further confirm that oxygen defects promote interfacial charge transfer, separation and migration of photo-induced charge carriers.
On the other hand, oxygen defects also elevate the conduction band (CB) position, which is useful for photocatalytic CO2 reduction reaction. As shown in Figure S11 For heterogeneous gas-solid carbon dioxide conversion reaction, the adsorption properties of the material greatly affect the performance. Figure 6a shows BET plots and pore size distribution curves of MoO3-x and MoO3, revealing that the specific surface area of MoO3-x is larger than that of MoO3. Based on the type of hysteresis loop, the pores of MnO3-x should be wedge-shaped. In addition, the pore size distribution of MoO3-x has a mean value of 2.4 nm with a mean pore volume of 0.073 cm 3 g -1 . In contrast, MoO3 showed ultra-low specific surface area and pore volume. It is also consistent with the foregoing morphology analysis. Figure S12 shows the adsorption of CO2 on the two materials, revealing that the amount of CO2 adsorbed on MoO3-x is larger than on MoO3. Figure 6b shows the CO2 temperature programmed desorption (TPD) of MoO3-x and MoO3. Two strong peaks at 513 and 625 °C are found in MoO3-x while only one weak peak at 513 °C appears in the TPD profile of MoO3. It indicates that MoO3-x can adsorb more CO2 molecules, and the adsorption strength is also stronger than MoO3, which is better associated with 14 BET. [45, 46] Therefore, MoO3-x displays better catalytic activity for CO2 reduction. After normalization by specific surface area, the activity of MoO3-x (0.55 μmol·m -2 ·h -1 ) is still greater than MoO3 (0.19 μmol·m -2 ·h -1 ), indicating that the specific surface area is only one of the factors affecting the reduction performance of carbon dioxide.
Figure 7
In-situ FT-IR spectra of the reaction of CO2 and H2O on MoO3-x: (1) without CO2 gas and irradiation; (2) with flowing CO2 gas for 30 min without irradiation; and with irradiation for (3) 30 min, (4) 60 min, (5) 90 min, and (6) 120 min.
In-situ FT-IR measurements on MoO3-x were carried out to study the mechanism of the photocatalytic CO2 reduction. As shown in Figure 7 , after introducing water-containing CO2 gas into the system without light irradiation, no peaks appeared. However, after turning on the light, monodentate carbonate 
Conclusions
Oxygen-deficient MoO3-x has been successfully synthesized in this work. The LSPR effect induced by oxygen vacancies has narrowed the band gap of MoO3 and extended the absorption range to the infrared region. The IR absorption endows strong thermal effect in MoO3-x and larger specific surface area provides more active sites. Besides, the introduction of oxygen vacancies decreased the barrier for CO2 hydrogenation and recombination of photogenerated electrons and holes. Finally, effective photothermal CO2 conversion efficiency under UV-Vis-IR light is obtained on MoO3-x. This present study proves that introducing oxygen vacancies is a feasible approach for achieving highly efficient UV-Vis-IR driven photo-thermal catalysts.
